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In an  attempt  to  reduce  the  need  for animal  studies  in dental  implant  applications,  a  new model  has
been  developed  which  combines  well-known  surface  characterization  methods  with  theoretical  biome-
chanical  calculations.  The  model  has  been  named  integrated  biomechanical  and  topographical  surface
characterization  (IBTSC),  and  gives  a comprehensive  description  of the surface  topography  and  the  ability
of  the  surface  to  induce  retention  strength  with  bone.
IBTSC comprises  determination  of  3D-surface  roughness  parameters  by using  3D-scanning  electron
microscopy  (3D-SEM)  and  atomic  force  microscopy  (AFM),  and  calculation  of the ability  of different
surface  topographies  to  induce  retention  strength  in  bone  by  using  the  local  model.  Inherent  in this
integrated  approach  is  the  use of  a length  scale  analysis,  which  makes  it possible  to  separate  differenturface  mean slope
hemically  modiﬁed titanium surfaces
size  levels  of surface  features.
The IBTSC  concept  is tested  on surfaces  with  different  level  of  hierarchy,  induced  by  mechanical  as  well
as  chemical  treatment.  Sequential  treatment  with  oxalic  and  hydroﬂuoric  acid results  in precipitated
nano-sized  features  that increase  the  surface  roughness  and  the  surface  slope  on  the  sub-micro  and  nano
levels.  This  surface  shows  the  highest  calculated  shear  strength  using  the  local  model.
The  validity,  robustness  and  applicability  of the  IBTSC  concept  are  demonstrated  and  discussed.
 2013©
. Introduction
Bones are constructed at different levels ranging from macro
o nanoscale in hierarchical order. The structure, composition and
rganization of these levels are all optimized with respect to each
ther in order to create the remarkable mechanical properties of
ones [1,2]. Bone properties such as structure and mass are affected
y mechanical forces induced and since nature is restrictive in
reating excessive amounts of bone in our bodies, bones which
re not loaded have a tendency to resorb [3]. In dental implant
reatments, resorption of bone needs to be prevented for success-
ul result and avoiding problems with, for example, compromized
sthetics [3–5]. Solutions to this problem have been obtained by
odifying the surface roughness, oxide morphology and composi-
ion. A combination of different effects contributes to the enhanced
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performance, but with surface roughness as the dominant factor
[6–10]. Based on the arguments cited above, the development of
dental implants went from the original smooth machined tita-
nium implant to the commercial implants of today comprising
surface topographies ranging from threads to nano particles [11].
By introducing surface roughness on different length scales of the
implant, the mechanical stimulation on corresponding tissue lev-
els increases, which preserve and/or prevent resorption of bone or
even regain it [3–5]. A crucial step and technical difﬁculty in the
development of new implant surfaces is to characterize in detail
the surfaces topography and relate it to in vivo results. Since most
dental implants on the market today consist of surface features in a
wide range of sizes, analysis using complementary characterization
has been suggested [12–16]. However, the measuring techniques
used as well as the settings of the instruments can highly inﬂuence
the results [17]. Further, due to animal welfare, the traditional way
to evaluate surface changes by in vivo studies such as for example
removal torque measurements (RTQ) are under consideration and it
is  recommended that alternatives must be fully explored before any
in vivo studies involving animals are undertaken [18,19]. Therefore
Open access under CC BY-NC-ND license.there is a need for new, reliable screening methods for prediction
of the in vivo performance for newly developed surfaces.
In  the present study a characterization concept called the inte-
grated biomechanical and topographical surface characterization
 license.
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Table 1
Sample description.
Abbreviation Surface treatment
TS [14,20] Turned
TS + ATII Turned surface + oxalic acid treatment
TS  + ATI Turned surface + oxalic acid and dilute hydroﬂuoric acid
(HF) treatment
CB [14,20] Turned surface blasted with large TiO2 particles, i.e. coarse
blasted surface
CB  + ATII Coarse blasted surface + oxalic acid treatment
CB  + ATI Coarse blasted surface + oxalic acid and dilute hydroﬂuoric
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TII and ATI will be referred to as the different chemical treatments of the surface.
IBTSC) is presented. By applying this concept, surface features
anging from 250 m to 150 nm can be analyzed and the biome-
hanical contribution from each size range evaluated.
Overall, the concept consists of two separate technologies,
1) SEM/AFM surface characterization [14] and
2)  a local biomechanical model to estimate the surfaces ability to
induce interfacial shear strength, which previously has been
correlated  to in vivo performance [20].
Both  techniques are, if used separately, traditional in the ﬁeld.
owever, by integration of topography and biomechanical analysis
he concept is expected to reveal comprehensive surface properties
f dental implants, aimed to be used for screening and development
f new surfaces for the implant industry. The concept was  devel-
ped using both test surfaces and commercially available implants
ince the latter offers the possibility to compare the outcome of
he model with already existing clinical data [21]. In the present
tudy robustness, applicability and validity of the model is proved
y using the concept on a demanding, newly developed surface
22]. The challenge for the model is that the actual surface is based
n a hierarchical structure comprising different size levels. This is
ade in order to mimic  the natural processes for achieving high
hear strength in the construction of natural bone.
.  Material and methods
.1.  Sample preparation
Commercially pure titanium discs (grade 4, diameter 6.25 mm)
ith a turned surface were used as raw material. One side of the
amples were marked with a milled cross to make it possible to
nalyse the same spot after each surface modiﬁcation step. The
ethod has been used in previous studies [14,20] for analysis of
est surfaces and commercially available surfaces and the method
s in detailed described in [14]. In the present study two  groups of
amples are analysed, one with turned surfaces i.e. machined sur-
ace and the other with blasted surfaces i.e. turned surface blasted
ith titanium oxide particles. Details of the surface treatments are
iven in Table 1. By measuring the topography on the same spot
fter each treatment step, the topographical effects from each pro-
ess step are recorded. None of the cleaning steps used were found
o affect the topography [20]. Surface characterization and electro-
hemical properties of the CB, CB + ATII and CB + ATI surfaces have
een described elsewhere, where the CB, CB + ATII and CB + ATI sur-
aces are called A, ATII and ATI, respectively [22]. SEM images of the
lasted surfaces are shown in Fig. 1 and SEM and AFM images of
he turned surfaces are found in Fig. 2.OsseoSpeedTM like surfaces are also included in this paper for
omparison since the surface of these commercially available den-
al implants (DENTSPLY Implants) has previously been analysed by
he same methods as used in the present paper [14,20].ience 290 (2014) 215– 222
2.2. Topographic analysis
Atomic  force microscopy (AFM) and 3D-scanning electron
microscopy (3D-SEM) were used to obtain topographical informa-
tion over a large length scale. Tapping Mode AFM measurements
were performed on a Nanoscope® IIIa (digital instruments) at three
different scan sizes: 10 × 10 m,  5 × 5 m and 3 × 3 m (scan fre-
quency 0.8 Hz, 512 lines). Only the turned surfaces were measured
by the AFM technique since the blasting process induces sur-
face features exceeding the maximum vertical resolution of the
AFM instrument. 3D-SEM measurements (ESEM XL30, FEI Com-
pany) were performed on both turned and blasted surfaces (SE
detector, 30 kV). To obtain 3D-images, stereo-pairs were collected
by tilting the sample around the same point with a total tilt-
ing angle of 5.6◦ and 11.2◦ for the blasted and turned surfaces,
respectively. Stereo-pairs were collected in XHD (Extra High Deﬁ-
nition) format at four different magniﬁcations: 247.84 × 186.24 m
(×500), 103.26 × 77.59 m (×1200), 49.57 × 37.25 m (×2500)
and 24.78 × 18.64 m (×5000).
Roughness  analysis of both 3D-SEM and AFM data were per-
formed by using the MeX® [23] software (Alicona Imaging GmbH)
(for details see Ref. [14]). This program was  also used to extract
data to be used in the local model calculations (for details see Ref.
[20]). The advantage of using the same software to analyse data
collected by different techniques is that differences in parameter
values due to the software are eliminated [15]. A Gaussian ﬁlter of
different cut-offs were applied in the MeX® software to obtain the
length scale dependence of the surface topography, for details see
Ref. [14,20].
The  ability of the surfaces to induce retention with bone was
evaluated by using the local model [20]. The model gives a compara-
tive parameter value, which can be used to analyse the performance
of different surfaces in removal torque (RTQ) situations. The inte-
grated concept of analysing the surfaces used in the present
paper, where the length scale dependence of 3D-surface roughness
parameters are combined with the calculation of induced shear
strength by the local model, is called the integrated biomechanical
and topographical surface characterization (IBTSC).
3.  Results
The sequential changes in surface roughness induced when cre-
ating hierarchically structured surfaces have been analysed using
the IBTSC concept where variable length scale dependence of sur-
face features from 250 m to 150 nm are analysed. By applying the
IBTSC concept, the effect from surface features of different sizes
on 3D surface roughness parameters is evaluated and the ability to
induce shear strength is calculated by using the local model. Five
3D surface roughness parameters were chosen (Sa, S10z, Str, Str, Sdq)
due to their ability to separate between topographically similar sur-
faces and to their relevance for dental implant applications [14].
The results are plotted as log (parameter) vs. log (ﬁlter size) in m,
where the value of the log (ﬁlter size) gives the size of largest sur-
face feature that is included in the analysis. All results are further
discussed in Section 4 together with an analysis of the robustness,
applicability and validity of the IBTSC concept.
The most commonly used 3D surface roughness parameter to
describe the topography of dental implant surfaces is the ampli-
tude parameter Sa (average height of the analysed area) where a
value of 1.5 m is widely accepted as a guideline for best osseointe-
gration of titanium dental implants with a blasted surface [24–26].
All blasted (CB) surfaces analysed in the present paper achieves a
Sa value around 1.5 m using the largest ﬁlter size using 3D-SEM
(see Fig. 3a), which corresponds to recommended settings [24–26],
while signiﬁcantly lower values are measured for the turned (TS)
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aig. 1. SEM images of the blasted surfaces. (a) CB, (b) CB + ATII, (c) CB + ATI (at ×2500
ee Table 1.
urfaces using the 3D-SEM technique, Fig. 3a. This is in agreement
ith previous ﬁndings [14]. Only small differences are recorded
y the 3D-SEM technique between the chemically treated surfaces
ATII and ATI) when performed on the, respectively, underlying sur-
aces, Fig. 3a. By applying AFM, larger differences are observed due
o higher resolution. The sequential treatment using oxalic acid
ATII) followed by hydroﬂuoric acid (ATI) give an increase in the
verage height, Sa, Fig. 3b. A similar trend is seen when evaluat-
ng the S10z (maximum height of 5 peaks and 5 valleys) parameter
esults, Fig. 4. The increasing height parameters values, Sa and S10z,
ith increasing ﬁlter size show similar length scale behaviour with
 small difference in crossover point between the TS and TS + ATII
esults, Fig. 3b and Fig. 4.
The texture of the surface topography is described by the
tr (texture aspect ratio) parameter. A Str value above 0.5 illus-
rates a random surface while a value below 0.3 demonstrates a
trongly textured surface [27]. Differences in texture are observed
or the turned and chemically treated and untreated surfaces when
nalysing with AFM, Fig. 5. TS + ATI show a random texture while
he TS surface is strongly textured. Analysis of the turned sur-
aces by 3D-SEM did not reveal any differences in texture between
he surfaces. All TS surfaces went from random to texture with
ncreased ﬁlter size and have previously been explained by the
ncreased inﬂuence of the turning tracks with increased ﬁlter size
14]. The blasting procedure induces a random surface texture that
s maintained after the ATII and ATI treatment when analysed by
D-SEM (not shown). A second spatial parameter analysed was
he autocorrelation length, Sal, which showed linear length scale
ependence for all surfaces, indicating that all surfaces are self-
fﬁned [14].
Sdq (root-mean square of surface slope) is a hybrid parameter
nd combines amplitude and spatial properties [27]. A linear rela-
ionship has been suggested between the Sdq parameter and the
alculated shear strength obtained by the local model [20]. The
ocal model calculations and Sdq parameters were the only factors
ble to separate between the chemically treated blasted and turnediﬁcation. (d) shows an enlargement of the CB + ATI surface at ×5000 magniﬁcation,
surfaces  when analysed by 3D-SEM, Fig. 6. The analysis of the Sdq
parameter and local model calculations for blasted surfaces showed
increased Sdq values with increasing ﬁlter sizes with highest and
lowest values obtained for the CB + ATI and CB surfaces, respec-
tively, Fig. 6. Similarly for turned surfaces, the highest Sdq values
are obtained for the TS + ATI surface followed by the TS and TS + ATII
surfaces using the 3D-SEM analysis, Fig. 6.
By AFM, the trend for the turned surfaces is conserved at the
lowest scan (3 × 3 m)  and all ﬁlters sizes, Fig. 7a. However, when
the scan size is increased, higher Sdq values are obtained for the
TS + ATII surface compared to TS, Fig. 7b–c. A change in absolute
Sdq values are observed and was  also seen between different scan
sizes in the previous study [14], since the parameter is sensitive to
changes in sampling length [27].
4. Discussion
The IBTSC concept gives the variable length scale dependence
of different topographical properties through surface roughness
parameters, and evaluates the ability of different topographies to
induce retention with bone through calculation using the local
model. In the present paper, the IBTSC concept was applied on
newly developed surfaces with hierarchic structures analysed
through sequential analysis of the same point before and after each
processing step. By using the IBTSC concept where complementary
analysis techniques and Gaussian ﬁlter of different sizes are used, a
detailed description of the induced hierarchic levels from 250 m
to 150 nm is obtained [14]. The discussion section is divided in three
parts which discusses the robustness, applicability and the validity
of the IBTSC concept.
4.1.  RobustnessThe methods that constitute the IBTSC concept have previously
been applied on commercially available and previous available
implant systems [14,20]. The CB (coarse blasted) and TS (turned)
218 J. Löberg et al. / Applied Surface Science 290 (2014) 215– 222
F 5 × 5 
T
a
s
T
p
w
p
o
p
e
(
p
u
n
s
w
4
iig. 2. SEM images ((a)–(c)) at ×2500 magniﬁcation and AFM images ((d)–(e)) at 
S + ATI, see Table 1.
nalysed in the present study were also analysed in the present
tudies [14,20], the robustness of the IBTSC concept are evaluated.
o visualize similarities and/or differences between the studies,
arameter results for the TS and CB surfaces from the two studies
ere plotted together.
Only  small differences in results for 3D surface roughness
arameters and calculated shear strength using 3D-SEM were
btained for the respective surfaces (CB and TS) analysed in the
resent and previous study [14,20], in Fig. 8 visualized by Sa param-
ter. Somewhat larger differences were observed for the turned
TS) surface analysed by AFM, Fig. 8. The observed differences in
arameter results for the turned surfaces at the AFM level can be
nderstood by the smaller area used, i.e. a valley or a peak of a tur-
ing track may  be analysed and compared. Overall, the two  studies
howed very similar results for both the turned and blasted surface,
hich demonstrates good robustness of the IBTSC concept used..2.  Applicability
The applicability of the IBTSC concept is discussed by the abil-
ty of the IBTSC to separate between topographical similar surfacesm scan size on the turned surfaces. (a) and (d) TS, (b) and (e) TS + ATII, (c) and (f)
created  by different chemical treatments. Results evaluated are for
surfaces created by the ATII (oxalic acid) and ATI (oxalic acid + HF)
treatments where the results are presented in the present study.
To further demonstrate the applicability, a comparison with pub-
lished results for OsseoSpeedTM (DENTSPLY Implants) like surfaces,
where a coarse blasted surface were treated with hydroﬂuoric acid,
CB + HF, is presented. A turned surface was also treated with HF
(TS + HF) and evaluated [14,20]. Fig. 9 shows SEM and AFM images of
the OsseoSpeedTM like surfaces. The turned (TS) and coarse blasted
(CB) surfaces on which the ATII, ATI and HF treatments were per-
formed are the same as used in all studies and methods constituting
the IBTSC concept. Two sections follow which contains comparison
of ﬁrst turned surfaces treated by the different chemical treatments
and a following section where the results for blasted surfaces are
compared.
4.2.1. Applicability of IBTSC concept on topographically similar
surfaces  with an underlying turned surface
The ATII and ATI treatments introduce multiple hierarchic lev-
els consisting of shallow cavities and waves and a nanostructure
level, see Figs. 1 and 2. The topographical differences between the
J. Löberg et al. / Applied Surface Science 290 (2014) 215– 222 219
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surfaces  obtain a textured surface (Str value below 0.3) [27] with increased ﬁlter
size  within the 3D-SEM range. = TS, = TS + ATII, = TS + ATI. Filled symbolsymbols  show 3D-SEM data while unﬁlled symbols show AFM data. Sa = 1.5 m is
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his ﬁgure legend, the reader is referred to the web  version of this article.)
hemically treated surfaces (ATII and ATI) were clearly revealed by
nalysis of the turned surfaces using AFM, where the ATI surface
btains highest Sa (average height) and S10z (maximum height)
alues of the two surfaces, Fig. 3b and Fig. 4. The simultaneous
issolution and precipitation of the TS surface induced by the oxalic
cid (ATII) treatment [17] adds two additional hierarchic levels to
0
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ig. 4. AFM S10z parameter values for the turned surfaces, where a crossover
etween  the TS and TS + ATII is observed at 0.6 m.  = TS, = TS + ATII, = TS + ATI.
For  interpretation of the references to colour in this ﬁgure legend, the reader is
eferred to the web  version of this article.)show  3D-SEM data while unﬁlled symbols show AFM data. (For interpretation of the
references to colour in this ﬁgure legend, the reader is referred to the web version
of  this article.)
the underlying structure, resulting in increase of the Sa and S10z
values. This treatment does not completely erase the turning tracks
but decreases the distinctness as can be seen in the SEM and AFM
images, Fig. 2. Crossovers points of the height parameter exist for
the TS and TS + ATII surfaces but appear at different ﬁler sizes for the
Sa and S10z parameters, Figs. 3 and 4. The difference in crossovers
frequency shows that the amount of new surface features induced
by the oxalic acid (ATII) treatment is the reason for the increased
roughness (Sa) rather than an increase in the maximum height of
the surface (S10z) (the crossover point is obtained at lower ﬁlter
sizes for the Sa parameter compared with the S10z parameter). The
precipitation of TiO2 during the HF (ATI) treatment [17] further
increases the parameters by introducing another hierarchic level,
Fig. 2, Fig. 3b and Fig. 4. The OsseoSpeedTM like surfaces only
consists of two  hierarchic levels where the second is introduced
by the HF treatment [14]. Both ATI and OsseoSpeedTM like surfaces
are nanostructured, Figs. 1, 2 and 9, where the ATI surface has
nanosized features of smaller size and with a more homogenous
distribution than observed on the OsseoSpeedTM like surfaces. The
ATI and OsseoSpeedTM treatments also induce differences in
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= CB + ATI. (For interpretation of the references to colour in this ﬁgure legend, the
reader is referred to the web version of this article.)
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hemical compositions and electrical properties. The
sseoSpeedTM oxide is somewhat electrically conducting and
ontains ﬂuoride [21], while the ATI treated samples has a thicker
nd more insolating oxide that contains oxalate but no ﬂuoride
22]. By using the IBTSC concept and analysing the results obtained
or the height parameters for the ATI and HF treated surfaces
t can be concluded that although the ATI surface has a higher
mount of nanosized features, the size of the surface features has
 larger impact on the surface roughness, in Fig. 10 visualized
y the larger Sa values for the TS + HF surface at the AFM level.
ithin the 3D-SEM range, no difference between the turned andtreated surfaces could be detected, which is due to the resolution
limitations previous mentioned [14].
The surface texture, here measured by the Str (texture aspect
ratio) parameter, is highly inﬂuenced by the ATII and ATI treat-
ments. The ATII and a following ATI treatment changes surface
texture from a strongly textured (TS) to a random surface struc-
ture, Fig. 5, and so does the HF treatment [14]. The ATI treatment
does not inﬂuence the sub-micro level of the surface since the tur-
ning tracks are still visible in the AFM images, Fig. 2f. Instead, the
ATI treatment introduces a fourth hierarchic level by the dissolu-
tion/precipitation process creating a surface with well-distributed
nano-precipitates of titanium oxide. The size of the precipitates
varies depending on the location, i.e. if they exist in a valley or on a
peak of the turning tracks, see Fig. 2f.
4.2.2. Applicability of IBTSC concept on topographically similar
surfaces  with an underlying blasted surface
The blasting procedure induces the largest topographical change
of the analysed treatment processes and creates the largest hierar-
chic structure level as can be seen in the SEM images, Fig. 1. This is
also evident by the analysis of the 3D-surface roughness parame-
ters, where the blasted surfaces show larger parameter values than
obtained for the turned surfaces, Fig. 3a and Fig. 4. Using 3D-SEM
technique, the topographical effects induced by the ATII and ATI
treatments are not clearly shown in either of the height or spatial
parameters (Figs. 3–5) and has previously been explained to be due
to resolution limitations. This induce a smoothening effect where
contributions from small surface features on the calculated param-
eters can get lost [14,20]. When using 3D-SEM, somewhat higher
Sa values are measured for the CB + ATI and CB + ATII compared to
the CB + HF surface by the 3D-SEM, Fig. 10. This is in accordance
with published Sa results using optical interferometry [21]. The only
parameter able to separate between the blasted and ATII and ATI
treated surfaces (CB, CB + ATII and CB + ATI) when using 3D-SEM
was the Sdq (root-mean square of surface slope) parameter, which
is in agreement with previous ﬁndings [14]. This is a hybrid param-
eter and combines amplitude and spatial properties [27]. A linear
relationship has been suggested between the Sdq parameter and
the calculated shear strength obtained by the local model [20] and
shows that the Sdq parameter can be used as an indication on the
ability of a surface to induce retention in vivo [14] further discussed
in Section 4.3.
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.3. Validity of IBTSC concept
The  calculation of the shear strength using the local model (plas-
icity theory) [20] shows that the blasting procedure gives higher
ontribution to shear strength than any of the chemical treatments,
ig. 6. The calculated shear strength values for the blasted surfaces
how that CB + ATI should induce the highest shear strength fol-
owed by the CB + ATII and CB surfaces. A difference in trend is
btained for the turned and treated surfaces where the TS + ATI
urface is followed by TS and TS + ATII. Much higher Sdq and calcu-
ated shear strength values were obtained for the TS + ATI surface
ompared to the other turned surfaces at the 3D-SEM level, Fig. 6.
his can be understood by the mathematical deﬁnition of the Sdq
arameter, where both the height and the number of surface fea-
ures increase the parameter value [27]. The same holds for the local
odel, where all surface features, independent of size, are assumed
o withstand the bone during the shear moment and through that
ive rise to increased shear strength [20]. The TS + ATII surface show
he lowest Sdq and local model results at the 3D-SEM level, which is
ue to the resolution limitations of the technique [14]. At the AFM
ange, again highest Sdq and shear strength values are obtained for
he TS + ATI treated surface in the entire size range, Fig. 7, which is
ue to the fourth hierarchic level induced by the HF treatment.
he shear strength results calculated for the TS + ATI surface is
igniﬁcantly higher than obtained for the other turned surfaces,
ig. 7, and suggests that the TS + ATI surface would induce rather
igh RTQ values [20]. However, if the calculated values for shear
trength obtained by the local model are translated into interfacial
hear strength values, much higher values than obtained in vivo
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ig. 10. Comparison of Sa parameter values obtained for turned (TS) and coarse
lasted  (CB) surfaces treated with the HF (×), ATII () and ATI (). Unﬁlled symbols
how  AFM data and ﬁlled symbols show 3D-SEM data. (CB + HF and TS + HF from
revious published studies [14,20]).f the commercially available OsseoSpeedTM implant. (b) AFM image of turned and
experiments are received. This is due to the assumptions made in
the local model, e.g. 100% bone-implant contact [20]. An expansion
of the local model has therefore been made and is called the global
biomechanical model [28]. This model considers the more realistic
situation where a gap is assumed to arise between the implant sur-
face and bone during the shear moment [28]. Due to the gap, the
global biomechanical model will give shear strength values more
comparable to values obtained in in vivo situations. However, it is
important to note that the difference in values between the local
and global models is only a scaling factor and depends on the per-
centage of the surface in contact with the bone during shear. The
relative values obtained by the local model are still valid and show
that the local model is a good screening technique when developing
new surfaces.
A  crossover in Sdq results exist for the TS and TS + ATII surfaces
with increasing analysis area and ﬁlter size, illustrated by Fig. 7a–c.
At the lowest ﬁlter sizes in the AFM range, the TS + ATII surface
obtains the lowest Sdq and local model results, which shows that
the simultaneous increasing oxide thickness and smoothening of
the TS surface is induced by the oxalic acid (ATII) treatment, Fig. 7a.
The crossover in shear strength shown in Fig. 7b, where the TS + ATII
surface obtains higher values than the TS surface, can be explained
by the fact that both the number and amplitude of the surface
structure inﬂuence the calculated shear strength [20] as well as
the Sdq parameter [27]. With increased analysis area and increased
ﬁlter size, the machined turning tracks are to a higher extent giving
contribution to the results.The  TS + ATI and TS + HF surfaces show similar ability to induce
shear strength and Sdq values when measured with AFM and 3D-
SEM, Fig. 11. However, when analysing the blasted and treated
surfaces, higher shear strength values are obtained for the ATI and
Fig. 11. Comparison of calculated shear strength by Local Model. × = HF treated,
  = ATII treated, and  = ATI treated. Unﬁlled symbols show AFM data. Results for
HF  treated surfaces (CB + HF and TS + HF from previous published studies [14,20]).
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TII surfaces compared to the HF treated surface, Fig. 11. The IBTSC
ethod can, by using the local model and indirectly the Sdq param-
ter, separate between topographically very similar surfaces.
The  validity of the IBTSC concept is evaluated by comparing the
alculated shear strength by local model and indirectly the results
or the Sdq parameter to published in vivo results. The results from
he calculation of shear strength using local model suggest that
ighest shear strength in vivo would be obtained for the CB + ATI
ollowed by the CB + ATII surface and CB + HF, Figs. 6 and 11. This
rend result is also supported by in vivo study [21].
The fact that the IBTSC can separate between two  surfaces with
ifferent nanostructures and that the biomechanical calculations
how same trend as obtained in vivo, this clearly shows the appli-
ability and validity of the IBTSC concept and demonstrate the
trength of the local model as a valuable tool for developing new
urfaces.
. Conclusions
The  results of the topographic analysis showed that the dissolu-
tion  and simultaneous oxide growth induced by the oxalic acid
treatment  (ATII) creates a smoother surface topography com-
pared  to the original blasted surface.
Surface  treated with oxalic acid and HF (ATI) results in precipi-
tated  nanosized features that increase the surface roughness on
the sub-micro and nano levels. This surface shows the highest
calculated shear strength using the local model.
A high robustness and applicability of the IBTSC concept has been
demonstrated.
The  integrated concept for surface characterization (IBTSC) used
in  the present work is an excellent tool in developing new sur-
faces  with optimal shear strength and should preferably be used
to  minimize animal studies.
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